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An assignment of the transmembrane helices of subunits L, M, and N of the Escherichia coli Complex
I has been made from the helices as determined in a recent crystal structure [Efromov et al., Nature
(2010) 465, 441–446]. The amino acid sequences of the three subunits were evaluated for hydropho-
bicity, and hydrophobic moments, to identify the helices that are likely to be in contact with mem-
brane lipids. Using 29 closely related species, a similar analysis of average conservation, and
conservation moments was performed. In each subunit, transmembrane helices 9 and 12 are pre-
dicted to form the discontinuous helices, which are likely to play a key role in function.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction the entire Complex I from Thermus thermophilus, the transmem-Complex I (NADH:ubiquinone oxidoreductase) is a large mem-
brane-bound enzyme that functions as the entry point to the mam-
malian respiratory chain (For a review see [1]). Its overall structure
resembles an L-shape with a membrane arm and a peripheral arm.
Its function encompasses three reactions: oxidation of NADH to
NAD+, reduction of ubiquinone to ubiquinol, and translocation of
protons across the membrane. These three activities occur at sep-
arate locations within the enzyme, as recent crystal structures
have revealed with increasing detail [2–4]. Oxidation of NADH oc-
curs at the ﬂavin binding site at the distal end of the peripheral
arm. Reduction of ubiquinone occurs at the so-called N2 Fe–S cen-
ter, near the junction of the two arms. These sites are connected by
a series of Fe–S centers. In contrast, proton translocation occurs at
still unknown sites within the membrane arm.
The membrane arm of the bacterial forms of Complex I is
known to contain seven integral membrane proteins [5,6], which
are called A, H, J, K, L, M, and N in Escherichia coli. With respect
to proton translocation, subunits L, M, and N are of great interest
since they have signiﬁcant sequence similarity to members of a
proton-cation antiporter family [7]. From low resolution crystal
structures of a membrane fraction of the E. coli Complex I and ofchemical Societies. Published by E
ue E144 of subunit Lbrane helices of the membrane arm proteins were seen [3]. Based
on their size and sequence similarity, the subunits L, M, and N
could be assigned to groups of 16, 14, and 14 transmembrane heli-
ces, respectively. Subunits A, H, J, and K were not individually asso-
ciated with the remaining 19 transmembrane helices, near the
junction of the two arms. These results support the view that if
subunits L, M, and N are involved with proton translocation, it
must be coupled indirectly to redox reactions [8,9]. A lateral helical
segment that runs from subunit L to N, along the cytoplasmic sur-
face suggests a role in proton translocation [3,4]. Further insight
into the role of these subunits in the mechanism of proton translo-
cation is lacking, due to the absence of side chains and helix con-
nectivities in the crystallographic models.
In proteins with bundles of transmembrane helices it has been
found that conserved residues tend to occur on the interior faces of
the helices, and the more variable positions occur at the lipid inter-
face [10]. Likewise, the residues that face the lipids tend to be less
polar than the residues that occur in the interior [11]. Such pat-
terns can be detected by Fourier transform analysis of the amino
acid sequences of membrane proteins [12], and have been applied
previously to the membrane proteins of the E. coli ATP synthase
[13]. In recent years, hydrophobicity scales have been reﬁned
[14], and sequence analysis improved [15], to better detect lipid
facing residues in membrane proteins.
In this paper, the low resolution structure of the L, M, and N
subunits of the E. coli Complex I has been used as a starting pointlsevier B.V. All rights reserved.
Fig. 1. Comparison of the Average Hydrophobicity of the Predicted Transmembrane
Spans. The average hydrophobicity of each predicted TM helix is plotted. Subunit L
is color coded red, M is light blue, and N is dark blue. Transmembrane helices
typically have values between 1 and 2. Calculations were carried out as described in
Materials and Methods, and can be found in Supplementary Files 1, 2, and 3.
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of this approach can be assessed when a higher resolution struc-
ture becomes available. The results of this analysis indicate the po-
tential importance of interactions among the L, M, and N subunits.
2. Materials and methods
Transmembrane helices were detected using a trapezoidal-
weighting method [16] with a window of 21 residues. The GES
hydrophobicity parameters [17] were used for detecting trans-
membrane helices. The transmembrane spans of each subunit
were deﬁned as the most hydrophobic segment of 21 amino acids
(see Supplementary Files 1, 2, and 3). For detecting interfacial heli-
ces a different set of parameters were used, which had been opti-
mized for this purpose [14]. Fourier transforms were calculated as
previously described [13]. Interfacial alpha-helical moments were
calculated for windows of 11, 15, and 21 residues, using a range
of 85–115. Sequence variability parameters were determined as
in a previous study [13], using a method described earlier [10].
Alternative approaches were selectively used, and gave similar re-
sults under limited testing of subunit N [15]. Twenty-nine closely
related sequences were analyzed, as recommended [15], for each
of the three subunits. The bacterial species, their genome acces-
sions numbers, and the sequence alignments are given in Supple-
mentary Files 4, 5, and 6. Alignments were done according to the
Clustal V algorithm [18]. From the alignments, the variability of
each residue was deﬁned as the number of different types of amino
acids that appear at that position, plus the number of gaps, if any.
Using transmembrane segments of 21 amino acids as deﬁned by
the hydrophobicity analysis, the average variability of each trans-
membrane helix was calculated. To compare helices between sub-
units, the values were normalized within each subunit, since L and
M were more highly conserved than N, on average.Fig. 2. Comparison of the Average Sequence Variability of the Predicted Trans-
membrane Spans. The average sequence variability of each predicted TM helix is
plotted. Subunit L is color coded red, M is light blue, and N is dark blue. Within each
subunit the average sequence variability has been normalized to 1.0. Smaller values
correspond to greater conservation. Calculations were carried out as described in
Materials and Methods, and can be found in Supplementary Files 1, 2, and 3.3. Results and discussion
3.1. Preliminary assignments
In the report of Efromov et al. [3], the transmembrane helices of
subunits of Complex I from E. coli were identiﬁed. From this the
authors were able to detect the L, M, and N subunits, comprising
16, 14, and 14 transmembrane helices, respectively. The two extra
helices of subunit L, TM 15 and 16, were assigned on the basis of
the long helical segment connecting them [3]. The homologous 14
transmembrane helices of all three subunits can be assumed to
have the same connectivity in each. The hydrophobic values of
the 14 homologous TM spans are plotted in Fig. 1. Transmembrane
helices will generally have values above 1.0. It can be seen that TM
spans 1, 2, 3, 9, 12, 13, and 14 all have values above 1.5 in each of the
three subunits, consistent with a lipid-facing position. Two particu-
larly low values are found at TM 6 of L and TM 8 of M, indicating
that these helices are less likely to have contact withmembrane lip-
ids. Similarly, the TM spans were analyzed for sequence conserva-
tion. Twenty-nine closely related sequences, including that of
E. coli, were aligned (see Supplementary Files 4, 5, and 6). Fig. 2
shows a plot of the average, normalized values for each of the 14
homologous TM spans. It is clear that TM spans 1, 2, 9, 13, and 14
are consistently less conserved, while TM 4, 5, 8, and 11 are consis-
tently more conserved than average. Lower conservation is likely to
correlate with greater exposure to the membrane lipids.
3.2. Hydrophobic and conservation moments
Fourier transformmethods can be used to detect periodicities in
amino acid sequences that are consistent with properties of thesurfaces of alpha-helices [11,12]. For example, lipid facing surfaces
are more likely to be hydrophobic, and variable than are interior
surfaces. The results of hydrophobic moment analysis are summa-
rized in Table 1. The predicted transmembrane spans in each sub-
unit are identiﬁed, along with the hydrophobic moment value
using a window of 21 or 15 amino acids. As a guideline, a value
of 2 or more is generally considered meaningful. The interfacial
location of TM 9 is supported by these values in each subunit,
while 13 and 14 are each supported in 2 of the 3 subunits. Of the
remaining TM spans, 4, 5, 6, 7, 10, 11, and 12 have values that
are all below 2.0 in each case. They are likely to be likely to be
shielded from membrane lipids, or to be discontinuous. In a dis-
continuous helix, the two segments might be out of phase, and
therefore not show interfacial properties using a window of 21
residues.
Similarly, conservation moments were calculated, using the val-
ues derived from the sequence alignments. This method can also
detect interfacial helices, since amino acids facing the membrane
lipids are likely to be much more variable than are residues in con-
tact with protein [10]. TM spans 1, 9, and 14 in all three subunits
Table 1
Hydrophobic and conservation moments of subunits L, M, and N.
TM Subunit L Subunit M Subunit N
Predicted
TMa
Hydrophobic
momentb
Conservation
momentb
Predicted
TMa
Hydrophobic
momentb
Conservation
momentb
Predicted
TMa
Hydrophobic
momentb
Conservation
momentb
1 1–21 1.7⁄ 2.4 1–21 2.0⁄ 2.0 10–30 1.5 2.2⁄
2 30–50 1.9⁄ 1.8⁄ 30–50 0.7 2.1⁄ 38–58 2.3 2.0
3 83–103 2.7 1.7 85–105 3.5 3.2 71–91 1.4 2.0
4 114–134 1.0 1.7 116–136 1.6 1.1 105–125 1.0 1.7
5 136–156 0.3 0.2 138–158 0.5 0.7 128–148 0.5 1.9
6 170–190 1.5 2.0 178–198 0.8 2.2 160–180 0.6 1.5
7 211–231 0.6 0.7 221–241 1.1 1.9 202–222 1.1 1.7
8 247–267 1.8 0.4 252–272 0.4 1.1 236–256 2.1 0.5
9 280–300 2.6 3.7 287–307 3.4 3.0 272–292 2.0 2.5
10 307–327 0.4 0.3 314–334 0.5 0.4 299–319 0.9 1.1
11 338–358 0.3 0.8 341–361 1.6 2.2 331–351 1.6 1.4
12 374–394 0.5 1.0 383–403 0.7 0.7 371–391 1.3 0.7
13 410–430 2.3 1.9 417–437 2.0 2.4⁄ 406–426 0.8 1.1
14 454–474 2.6 2.9 464–484 1.6 3.3 452–472 2.5 2.1
15 495–515 2.1 4.3
16 593–613 0.3 2.7
a The most hydrophobic segment of length twenty-one amino acid residues is shown.
b Moments of value greater than 2.0 are shown in bold. Values that appear with an asterisk (*) are based on moments calculated for segments of 15 amino acids.
Fig. 3. Evidence for Discontinuous, Interfacial Helices in Transmembrane Spans 9
and 12. (A) subunit L, TM 9, (B) subunit M, TM 9, (C) subunit N, TM 9, (D) subunit L,
TM 12, (E) subunit M, TM 12, (F) subunit N, TM 12. Hydrophobicity, calculated for a
window of 21 residues, is shown by blue lines, while hydrophobic moments,
calculated for a window of 11 residues are shown by red lines. Notice that the
hydrophobicity peaks are rather broad, consistent with more than 21 residues
within the membrane. The highest peaks of hydrophobic moment appear on each
side of the hydrophobicity peaks. Calculations can be found in Supplementary Files
1, 2, and 3.
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values equal to or greater than 2.0 in 2 of the 3 subunits. TM spans
4, 5, 7, 8, 10, and 12 have low values in each of the 3 subunits. So,
after consideration of the hydrophobic and conservation moments
together, six TM helices are predicted to be interfacial, by scoring
in three of the possible six categories: 1, 2, 3, 9, 13, and 14.
All of these helices are also among the most hydrophobic ones.
The others, 4, 5, 6, 7, 8, 10, 11, and 12 scored 2 or fewer times
out of six.
3.3. Evidence for discontinuous helices
The discontinuous transmembrane spans found in the crystal
structures each have two helical segments that are shorter than
unbroken transmembrane helices, and range from 9 to 16 residues.
These discontinuous helices are found at the lipid interfaces of the
subunits, although the surface area exposed appears to vary,
according to the presence of other subunits. In subunit L, one set
of discontinuous helices is much more exposed to lipids than are
the homologous ones in M or N. In contrast, one set in N is much
less exposed than are the homologous ones in L or M, because of
the presence of TM 16 from subunit L. Hydrophobic moment anal-
ysis using a window of 11 residues was used to identify likely
interfacial discontinuous helices. In all three subunits, there are
two prominent peaks that ﬂank the center of TM 9, consistent with
discontinuous helices. In subunits M and N, similar results were
found for TM 12. In L, TM 12 was ﬂanked by two smaller peaks
with values of about 1.0 (see Fig. 3). The only other TM span with
a pattern of ﬂanking peaks was TM 11, which also occurred in M
and N, but not in L. In comparison with TM 11, TM 12 is more
hydrophobic, and so is favored as being one of the discontinuous
helices, which are found at the lipid interface (see also Supplemen-
tary Figure 7). The amino acid sequences of the identiﬁed discon-
tinuous helices are shown in Table 2. The discontinuous helices
found in Complex I are distinct from those found in other transport
proteins [19], in that they are not in contact with each other.
According to this assignment, they also lack potentially charged
residues. In Table 2 it appears that the helices contain many con-
served glycine, proline and alanine residues near the discontinu-
ities. Such residues are known to play important roles in
transport proteins such as the c-ring of the ATP synthase [20,21]
and in the family of aquaporins [22].3.4. Assignment of the transmembrane helices
The assignment and connectivities of the helices is shown in
Fig. 4A and B. The ﬁrst three helices were assigned on the basis that
these consecutive helices are generally less conserved, more
hydrophobic, and have moments that indicate a surface location.
Furthermore, they are missing in the homologues of subunit N
found in many eukaryotes [23], and so might have minimal
Table 2
Identiﬁcation of the predicted discontinuous helices.
Helix Amino acid sequencea
L TM9 MTPEVLHLVGIVGAVTLLLAGFAALVQT
M TM9 ASAEFAPIAMWLGVIGIFYGAWMAFAQT
N TM9 DSEAIRVVLAIIAFASIIFGNLMALSQT
L TM12 PLVYLCFLVGGAALSALPLVTAGFFSK
M TM12 WLPALSLFFAVATLGMPGTGNFVGEFM
N TM12 PILAAVMTVMMLSLAGIPMTLGFIGK
a Underlined residues correspond to segments that were shown to be capable of
forming alpha-helices with a hydrophobic moment in a lipid-facing environment.
Residues in bold are those that are conserved among at least 27 of 29 closely-
related species.
Fig. 4. Helix Assignments and Connectivities in the L, M, and N Subunits. The L, M,
and N subunits are shown from pdb ﬁle 3m9c [3]. Subunit L is colored yellow,
subunit M is colored blue and subunit N is colored violet. Additional helices from A,
J, or K subunits are shown in wireframe, colored blue and gray. (A) View from the
cytoplasmic side. (B) View from the periplasmic side.
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on the basis of a discontinuity that is apparent at the junction of
the membrane and periplasm, as seen in the crystal structure.
Since the N-termini of both subunits L and M are not likely to be
long enough to extend into the periplasm, this helix was desig-
nated as number 3, rather than 1. A conserved GD sequence motif
is found near the periplasmic end of helix 3, in all three subunits
(see Supplementary File 8) which might mark this helical break.
The assignment of helix 14 was based on the location of helices
15 and 16 in subunit L. Helix 15 must be at the distal point of L [3],
and helix 14 must be a close neighbor. Of the two choices (see
Fig. 4), one is a discontinuous helix, which is considered unlikely
to be helix 14, based on hydrophobic moment analysis. Therefore,
helix 14 is identiﬁed as the other candidate.
Next, the candidates for discontinuous transmembrane helices,
9 and 12, were considered. The assignments were made for the fol-
lowing three reasons. Among the 6 helices, only TM 12 of subunit N
has higher than average conservation (see Fig. 2). This ﬁts well
with the fact that TM 16 of subunit L shields that discontinuous he-
lix in subunit N. Second, TM 9 of subunit L has a very strong inter-
facial prediction for two segments, which matches the high
exposure of that discontinuous helix in subunit L. And third, the
position of TM 12 allows a very straightforward connectionbetween TM 12, 13, and 14, and is consistent with the interfacial
prediction for TM 13.
The remaining helices to be assigned were 4–8, 10, and 11,
which were predicted to be interior helices on the basis of moment
calculations. That ﬁts well with the positions of the remaining
unassigned TM helices. The assignment of TM 1–3, 9, and 12–14
sharply limits the number of reasonable connectivities among
the remaining positions. In addition, TM 3–4–5–6 and 9–10–11
contain rather short connecting loops, and so the TM helices must
be close. The cytoplasmic connections are shown in Fig. 4A, and all
are between close neighbors across short distances. Expected close
neighbors in the cytoplasm, based on predicted lengths of loops,
include all connections except 11–12 and 13–14. The periplasmic
connections are shown in Fig. 4B. Two connections are predicted
to be very short: 4–5 and 10–11, while the rest, in particular 2–
3, are much longer. The only unusual connection would be 8–9,
which must ﬁt over, to some extent, the 10–11 connection. Among
these helices, TM 6 in all three subunits, had rather high values for
conservation moment. The predicted position of TM 6 in Fig. 4, ap-
pears to have some contact with membrane lipids, in the case of L
and M. TM 6 of subunit N appears to have contact with the other,
unidentiﬁed subunits, and accordingly, its moment is the lowest of
the three subunits (Table 1).
3.5. Implications of this assignment of transmembrane helices
In this assignment, the periplasmic loops of TM 8–9 and 10–11
are such that they might cross, and if so, the 10–11 loop would
have limited contact with the periplasmic surface. Interestingly,
in two different studies, the predicted periplasmic loop of TM
10–11 in subunits L and M was shown to be localized to the cyto-
plasm. These studies used alkaline phosphatase fusions to analyze
subunit L [24], and histidine tag fusions to analyze subunit M [25].
The assignment of helices offers an explanation for why TM 10 and
11 might have reoriented during those studies. In contrast, a chem-
ical labeling study of subunit N, in which the loop is longer and
more polar, found that this loop was localized to the periplasm
[26].
Two residues widely conserved among all L, M, and N subunits
have been identiﬁed: L_E144, M_E144, and N_E133 in TM 5, and
L_K229, M_K234, and N_K217 in TM 7. They are candidates for res-
idues that carry out proton translocation. In E. coli all 6 of these
conserved residues have been mutated to Ala, and in 5 cases a loss
of NADH oxidase activity was found [27–30]. The exception was
N_E133, which had activity similar to wild type. In the proposed
model, TM 7 would be positioned between two discontinuous heli-
ces: TM 12 of the same subunit and TM 9 of the adjacent subunit.
This suggests an important role for subunit-subunit interactions at
the L:M and M:N interfaces. In contrast, TM 7 of subunit N would
interact with a different subunit, perhaps A, J, or K. TM 12 of all
three subunits would also be in contact with the lateral helix of
L. These interactions may all be part of a network of conforma-
tional changes.
In general, residues that are known to cause loss of function
after mutation are clustered, according to the current assignments
(see Fig. 5). In subunits L and N there is a conserved lysine at the
periplasmic end of TM 12, a predicted discontinuous helix. In both
cases, L_K399 and N_K395, mutation of this residue is associated
with a sharp loss of NADH oxidase activity [27,30]. Subunit M
has a conserved glutamic acid in a similar position, M_E407, but
it has not yet been mutated. Mutation of three residues in subunit
L has been found to be associated with reduced efﬁciency of proton
translocation [30]. These residues are found at the periplasmic end
of TM 12 (L_D400), in the cytoplasmic loop of TM 9–10 (L_D303),
and in TM 6 (L_D178). The ﬁrst two are in proximity to the
predicted discontinuous helices, and the third is at the subunit
Fig. 5. Identiﬁcation of Helices with Potentially Functional Residues. Subunit L is
colored yellow, subunit M is colored blue and subunit N is colored violet, as in Fig. 4.
The view is from the cytoplasmic side. Helices shaded black are those containing
deleterious mutations as described in the text.
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two conserved residues found at the cytoplasmic ends of TM 6
and 7, in all three subunits, were found to result in loss of function
upon mutation. These are L_K169, M_K173, N_K158, L_Q236,
M_H241, and N_H224. Mutations to residues L_W238 [30] and
M_H241 [27–30] have been reported with similar effects.
The lateral helices of subunit L that reside at the cytoplasmic
surface contact a TM helix in subunits L and M, which has been as-
signed to be TM 13. Only one residue in this region has been mu-
tated, a conserved arginine, L_R431, found at the cytoplasmic end
of TM 13. Mutation to histidine had little effect on activity, but
mutation to alanine resulted in a loss of subunit L as detected by
western blot [30].
4. Conclusions
The sequence analysis here identiﬁes TM helices 1, 2, 3, 9, 13,
and 14 as having the greatest likelihood of facing the membrane
lipids. Helices 4, 5, 7, 8, and 10 are likely to have little or no contact
with membrane lipids. Helices 9 and 12 were identiﬁed as the dis-
continuous helices. The helix assignments made on the basis of this
analysis suggest that the L:M and M:N interfaces are particularly
important.
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